Abstract Low-impact development (LID) practices are gaining popularity as an approach to manage stormwater close to the source. LID practices reduce infrastructure requirements and help maintain hydrologic processes similar to predevelopment conditions. Studies have shown LID practices to be effective in reducing runoff and improving water quality. However, little has been done to aid decision makers in selecting the most effective practices for their needs and budgets. The long-term hydrologic impact assessment LID model was applied to four neighborhoods in Lafayette, Indiana using readily available data sources to compare LID practices by analyzing runoff volumes, implementation cost, and the approximate period needed to achieve payback on the investment. Depending on the LID practice and adoption level, 10-70 % reductions in runoff volumes could be achieved. The cost per cubic meter of runoff reduction was highly variable depending on the LID practice and the land use to which it was applied, ranging from around $3 to almost $600. In some cases the savings from reduced runoff volumes paid back the LID practice cost with interest in less than 3 years, while in other cases it was not possible to generate a payback. Decision makers need this information to establish realistic goals and make informed decisions regarding LID practices before moving into detailed designs, thereby saving time and resources.
Introduction
Low-impact development (LID) practices for stormwater management have gained popularity as a cost-effective alternative to meet increasingly strict requirements for water quality and controlling runoff volumes on new construction. The benefits associated with LID practices include filtering out pollutants, decreasing urban heat island effects, and allowing increased infiltration (Dietz et al. 2004; Dietz 2007; Roy et al. 2008) . Furthermore, a large body of scientific literature has been published detailing the effectiveness, benefits, and uses of individual LID methods in new construction or test bed settings. Models and tools have also been developed to assess the total cost and cost-effectiveness of applying LID practices in reducing runoff volume and pollutant loads (Montalto et al. 2007; Yu et al. 2010; Houdeshel et al. 2011; Liu et al. 2015b ). One of the major benefits of LID methods is the decreased volume of runoff, as many of the methods are designed to capture or allow stormwater to infiltrate into the soil (Davis 2005) .
Stormwater is a particular problem in urban areas where high percentages of impervious surfaces can generate large volumes of runoff (Hatt et al. 2004; Ando and Freitas 2011; Keeley et al. 2013) . The method for dealing with excess water has traditionally been to move runoff to the nearest water body as quickly as possible using drains and pipes.
One way to do this in developed areas is through combined sewer systems, which use the same pipe network to carry both storm and wastewater (USEPA 2004) . The cost of treating that runoff at the wastewater treatment plant or storing it for later treatment is significant. Treatment plants must handle larger volumes of water generated by combined flows. Further, during intense storms, the volume of stormwater can exceed the capacity of the system, causing a mixture of water and municipal waste to discharge into rivers or lakes, an event known as a combined sewer overflow (CSO) (Gunderson et al. 2011; Brinkman et al. 2012) .
LID practice adoption has the potential for significant savings and improved water quality in retrofit situations (Gunderson et al. 2011; USEPA 2007) . This is especially true in areas that are part of a combined system. Traditional approaches for CSO management typically involve separating the conveyance systems for municipal wastewater and stormwater, constructing large underground storage tunnels, and upgrading existing treatment facilities to handle increased volumes of water (Gunderson et al. 2011) . While these approaches are effective in controlling CSO events, they are very expensive (Gunderson et al. 2011) . Locally, the city of Lafayette, Indiana, completed an $18.5 million CSO storage tunnel in the summer of 2009 (TunnelTalk 2009) .
LID practices offer an alternative to traditional methods for stormwater management by reducing the volume of stormwater entering the system, focusing instead on on-site storage, treatment, and infiltration (USEPA 2007) . A reduction in runoff makes it possible to avoid overflow events. Cost savings may also be realized through the reduced need for pipes, drains, and treatment plants (Gunderson et al. 2011) .
Little information is available, however, to allow decision makers to accurately evaluate the effects and costs of retrofitting LID practices into existing neighborhoods. The objectives of this study are to estimate the amount of runoff reduction that can be achieved in existing neighborhoods by retrofitting with different LID practices at varying levels of adoption, estimate the cost of using different LID practices to achieve various levels of runoff reduction, and compute the approximate amount of time it would take for the LID practices to pay for themselves.
Background
The following LID methods were studied: green roofs, bioretention, pervious pavement, and rain barrels or cisterns. These practices were selected to represent common LID practices for stormwater management and ability for retrofit into a wide range of land use settings.
Green roofs, also known as vegetated roofs, can be included with new construction or as part of retrofit projects for commercial, industrial, or residential structures, with some structural requirements to consider, such as the additional weight of the system and the slope of the roof (USEPA 2008; Carter and Fowler 2008) . The retention capabilities of a green roof increase the time needed for runoff to start, reduce the total volume that can runoff, and increase the time over which water is released (Mentens et al. 2006) . In addition to stormwater management, green roofs create wildlife habitat, reduce urban heat island effects, improve air and water quality, increase thermal insulation and efficiency, and increase roof lifespan and durability when compared to conventional roofs (Banting et al. 2005; Bianchini and Hewage 2012; Carter and Butler 2008; Rowe 2011; USEPA 2008) .
Bioretention areas, sometimes referred to as rain gardens, are landscape features designed to provide on-site stormwater runoff treatment and storage (USEPA 2005) . This is achieved with shallow depressions that mimic hydrologic processes found in upland regions that use the site's topography to collect runoff (ESD DER 2007) . Bioretention has proven to be an effective method for managing stormwater runoff volumes, peak flow rates, and improving water quality by providing extra storage space which allows the water to collect and pool (Davis 2008; Hunt et al. 2008 ). Besides reducing runoff and peak flows, bioretention systems can esthetically enhance the site and when native plants are used, they can provide a habitat for wildlife (ESD DER 2007; USEPA 2005) .
Pervious pavement can be an effective method for managing stormwater by greatly reducing, or even eliminating runoff (Bean et al. 2007 ). On impervious surfaces, the amount of runoff closely follows precipitation rates during a storm event (Brattebo and Booth 2003) . In contrast, pervious surfaces allow infiltration of most of the water generated during a storm event (Brattebo and Booth 2003) . Maintenance of pervious pavements can be slightly more intense than traditional impervious surfaces, although in colder climates pervious pavement systems may require less maintenance than impervious pavements in winter months (Cahill et al. 2003; NCSU 2011; Roseen et al. 2012) .
Rain barrels and cisterns are relatively simple devices that represent a range of structures capable of gathering, collecting, and storing water for later use (Boulware 2004) or release. A rain barrel is the simpler of the two methods and can be just a barrel with a screen on top to keep out debris placed under a downspout, but more complex systems can be constructed. Cisterns are constructed in multiple ways. They can be built as free-standing structures above or underground, placed outside or inside buildings, from a wide range of materials, and with capacities precisely tailored to the roof size and intended use (Boulware 2004) . The primary reasons that rain barrels have been encouraged by many conservation groups are because they provide a way to keep water out of the sewer system, decrease demand on infrastructure, and are a means of managing stormwater at the source (Gunderson et al. 2011) . For example, the City of Chicago is estimated to have diverted almost 8.3 million gallons of water from its sewer system through the use of rain barrels and downspout disconnection (Gunderson et al. 2011 ).
L-THIA LID
The long-term hydrologic impact assessment low-impact development (L-THIA LID) model (Ahiablame et al. , 2013 , an upgraded version of the original L-THIA LID model (Engel and Hunter 2009) , was used for this study. Engel and Hunter (2009) incorporated the capability to model effects of LID practices in the original L-THIA model, which was developed in response to the needs of decision makers for a simple, easy-to-use tool capable of assessing the impacts of land use changes (Harbor 1994) . L-THIA combines the Curve Number method (NRCS 1986) with soil, land cover, and long-term climate data for the area of interest to estimate long-term average annual runoff (Harbor 1994; Pandey et al. 2000; ). Based around the widely used Curve Number method, L-THIA offers a simplified alternative to more complicated hydrologic models ). L-THIA LID is a lumped parameter model with no routing algorithms. For more information about the L-THIA LID model, please refer to Ahiablame et al. (2012) .
L-THIA and L-THIA LID have been used in a number of analyses. Tang et al. (2005) used L-THIA to study the impacts of urbanization and land use change on a Michigan watershed, finding that urbanization had a significant impact on long-term annual runoff and nonpoint source pollutants. The impacts of urban sprawl and large surface parking lots were explored by Davis et al. (2010) . They demonstrated that parking lots are expensive, consume large amounts of space, diminish ecosystem services, and increase both runoff and pollutants (Davis et al. 2010) . Ahiablame et al. (2012) compared pre-and post-development hydrology both with and without LID practices, finding that while development increased both runoff and pollutants, LID practices could be used to bring the site hydrology back to near predevelopment conditions. Ahiablame et al. (2013) used a modified version of the model to study the impacts of LID practices on stormwater and base flow for two urbanized watersheds near Indianapolis. They found that LID practices were effective in managing runoff and pollution, even though only small reductions (2-12 % reduction in runoff and pollutant loads) were seen in the study (Ahiablame et al. 2013) .
L-THIA has proven accurate for modeling direct runoff from watersheds throughout the Midwest U.S. with little or no calibration (Ahiablame et al. 2013; Bhaduri et al. 1997; Choi 2007; Grove et al. 2001; Gunn et al. 2012; Lim et al. 2006a, b; Tang et al. 2005; Liu et al. 2015a, b) . For example, Ahiablame et al. (2013) calibrated the model for annual runoff from 1991 to 2000 by reducing curve numbers by 1 and 3 % for two study watersheds, respectively, and validated the model with data from 2001 to 2010. Comparisons with estimates from streamflow data also show that the uncalibrated L-THIA model provides a reasonable estimate for average annual runoff (Grove et al. 2001) . In two watersheds near Indianapolis, Ahiablame et al. (2013) found that the L-THIA LID model tends to provide a conservative estimate for direct runoff, when compared to observed direct runoff obtained from streamflow separation.
Materials and Methods
Runoff volume was used to determine the benefits of implementing LID measures, because a decrease in runoff volume correlates to a decrease in pollutants being carried to surface water or treatment facilities (USEPA 2003) . The L-THIA LID (Engel and Ahiablame 2011) model was selected to estimate the effects of common LID methods on a series of neighborhoods in the Greater Lafayette, Indiana area and the cost of implementation.
L-THIA LID was used to model possible retrofitting scenarios for several development approaches used in the Greater Lafayette, Indiana area. Many of these development approaches are typical of what is found in towns and cities throughout the US. A historic residential neighborhood, downtown area, typical commercial corridor, and a typical subdivision were selected for analysis. The historic neighborhood, the Ellsworth-Romig neighborhood was selected. This neighborhood is primarily high-density residential with some commercial and industrial uses as the neighborhood transitions into the downtown area (Study Area 1). It also includes two local historic districts, and directly adjoins one another. The historic districts have restrictions and a Certificate of Appropriateness from the Historic Preservation Commission is required for renovations. This can restrict the use of some LID methods in these neighborhoods. Downtown Lafayette was used to represent a typical downtown core. This area contains multistory buildings that serve a mix of retail, office, and residential uses, along with the associated parking lots, streets, and sidewalks (Study Area 2). The area is largely covered by impervious surfaces, although a few pervious areas do exist around the courthouse and near street trees. The commercial corridor selected for the study was the US 52 corridor in West Lafayette, composed of a mix of bigbox retail and out parcels surrounded by parking (Study Area 3). The final area for the study was a typical residential area (Study Area 4), and a group of residential neighborhoods developed beginning in the 1970s through early 1980s. The aerial photo of the study area is shown in Fig. 1 . For further detail on these study areas see Wright (2014) .
A combination of L-THIA LID and GIS was used to categorize the land uses and hydrologic soil types presented within the study areas. The NRCS Soil Survey Geographic (SSURGO) Database (USDA NRCS 2011) was used to obtain the soil data. Before the SSURGO data could be used for the L-THIA model, reclassification of soil groups was required. The SSURGO data includes dualtype hydrologic soils (for example A/D, B/D, or C/D). As the areas being examined were urbanized, it was assumed that all dual-type hydrologic soils have been disturbed and compacted (Lim et al. 2006a, b) . Based on this assumption, all dual-type hydrologic soils were classified according to their class with lower drainage rate. SSURGO does not provide hydrologic soil data for areas that were developed before the survey was conducted, so in these areas the lowest drainage case was assumed and they were assigned as hydrologic soil group D (Lim et al. 2006a, b) .
The National Land Cover Database (NLCD) impervious surface layer was used to identify the types of land uses within the study areas. USDA TR-55 Urban Hydrology for Small Watersheds (NRCS 1986) was used to determine the impervious cover percentage of the different land uses. As TR-55 supplies only a single percentage per cover and the NLCD impervious surface layer is a range from 0 to 100 %, a range for each imperviousness was determined by finding the midpoint between each land use. The NLCD impervious surface layer was then reclassified to represent these ranges.
Based on these data, it was possible to use the abstractions within the L-THIA LID model to estimate the areas for the open space, roads, roofs, and other impervious surfaces that make up the different use types (USACE 2012). Approximate area for each study area by land use type and percentage range of impervious surfaces used to classify the land uses are shown in Table 1 .
To analyze the runoff generated in the study areas, the L-THIA LID desktop model was used. The model was applied without calibration because it relies on curve numbers which have been empirically determined (NRCS 1986) and because it has already been proven accurate without calibration in similar conditions to those selected study areas (Ahiablame et al. 2013; Bhaduri et al. 1997; Choi 2007; Grove et al. 2001; Lim et al. 2006a, b; Tang et al. 2005) . The landscapes and conditions modeled in the studies referenced are similar to the study area in this paper. The majority of the studies referenced were for watersheds in Indianapolis (60 miles from the study area and similar soils, land uses, and urban development patterns). Given these similarities and performance of the model in these prior studies, model calibration was not required. Established curve numbers were used to represent all land cover types and LID practices. Curve numbers for standard land cover types were set to values as specified by TR-55 (NRCS 1986) .
The curve numbers (CNs) for the LID methods, with the exception of rain barrels and cisterns, were taken from Sample et al. (2001) . Bioretention was simulated by changing CNs of 15 % of the appropriate land use to CNs of bioretention; green roofs were represented by changing CNs of roof tops to that of green roofs; pervious pavements were modeled by changing CNs of pavements to that of pervious pavements .
Curve numbers for rain barrels and cisterns were calculated using the selected storage volume and the average roof areas according to the method described in TR-55. Rain barrels and cisterns were represented by changing CNs of roof tops to that of rain barrels and cisterns. For residential uses, a rain barrel storage volume of approximately 832 liters (220 gallons) was used. This represents four of the 208 l (55 gallon) rain barrels that are sold by the City of Lafayette installed on the downspouts of the home. For commercial and industrial uses, three cistern storage volumes were used: a 1136 liter (300 gallon) cistern, a 18,927 l (5000 gallon) cistern, and a 39,747 l (10,500 gallon) cistern. All were used to illustrate the wide range of storage volumes that are available in both prefabricated and custom-built cisterns. TR-55 describes the basic land use types and the average impervious surface percentages typically found for these land uses. For example, a 1 acre residential lot contains an average of approximately 20 % impervious surfaces. Using these figures, a generalization can be made that for any land use type described in TR-55 there is a certain percentage of the area that is impervious and certain percentage that is pervious open space. Within the L-THIA LID model , assumptions were made about how LID practices could be applied to these land uses. These assumptions take the base impervious surface percentage and divide it between its component parts. For example, for 1 acre lot, instead of considering it as 20 % impervious, it can be viewed as 7 % roof top, 10 % street, 1 % sidewalk, and 2 % driveway. These assumptions have been documented for all land uses in detail in Appendix B1: L-THIA LID Assumptions of the US Army Corps of Engineers Train the Trainer Manual (2012). Based on these assumptions, the values for the individual types of impervious surface were obtained by multiplying the percentage of each surface type by the total area of the land use. As a check, the sum of the individual impervious surface types were compared to the gross impervious surfaces calculated using the percentages listed in TR-55. Roofs and pavements were distinguished to determine when rain barrels/cisterns (appropriate roof top areas) were to be used, and when pervious pavements (street, sidewalk, and driveway) were appropriate.
Thirty years of precipitation data were obtained from the National Climatic Data Center (NCDC: http://www.ncdc.noaa.gov) using the West Lafayette 6 NW station (129430). The 30-year time frame is typically used and is compatible with what the web-based L-THIA model uses (Pandey et al. 2000) .
The model was initially run without LID practices to establish baseline runoff values. Then each of the individual LID practice was put into the model and simulated at 10, 50, and 100 % rates of adoption for each land use category. Adoption rate is defined as percent of suitable land uses with LID practices adopted.
LID practices were examined individually with each practice only applied to appropriate land uses. For example, rain barrels were only applied to residential uses because they lack the capacity for the larger roof areas found in commercial and industrial uses. Similarly, cisterns were only applied to commercial and industrial uses due to concerns over the amount of space available in residential lots. There are concerns in implementing rain barrels and cisterns in western states because ''capturing'' rain water, which may disrupt the hydrologic cycle and prevent rain water from entering streams and ground water, violates state water law. In this study, rain barrels and cisterns were considered, as these practices are commonly promoted for adoption within Indiana. Green roofs were also limited to commercial and industrial use types because the roofs on structures in these use categories would be more likely to accept the additional weight. Further, it was assumed that neighborhood requirements would restrict the application of green roofs in residential uses.
Various approaches to estimate costs of implementing LID practices were examined (Houdeshel et al. 2011; Houle et al. 2013; CNT 2009; SEMCOG 2008 ). An estimate for the costs of implementing LID practices was computed by multiplying the unit price for a LID practice by the area, volume, or quantity represented in the model. As shown in Table 2 , all prices used were taken from published sources (CNT 2009; SEMCOG 2008) . Several assumptions needed to be made to determine the price ranges. First, any demolition that would be required to install a LID practice was considered equivalent in cost to demolishing the traditional infrastructure with the intent to replace it with a similar system. It was assumed that no demolition is necessary for the installation of rain barrels, cisterns, or bioretention. Further, it was assumed that structures were capable of supporting the added weight where green roofs were installed. The L-THIA LID model (Engel and Ahiablame 2011) provided outputs of yearly runoff volume in cubic meters. Percent reduction of runoff (P r ) is calculated using Eq. (1):
where RV 0 is annual runoff volume (m 3 /year) without LID practices; RV 1 is annual runoff volume (m 3 /year) with LID practices.
To understand the economics of implementing the selected LID practices, the value for water in the city of Lafayette was used. For this, the user fees for both drinking water and sewer were examined. The fees were multiplied by the amount of runoff reduction to obtain an estimate of annual savings. Only rain barrels and cisterns were multiplied by both the water and sewage fee, because they are the only practices examined that both conserve drinking water and prevent stormwater from entering the sewer system. This provided an estimate for the amount of money that could be saved annually as a result of reducing runoff volumes.
The estimated installation costs and savings were used to determine the time needed for the LID practices to pay for themselves. It was assumed that all LID practices would require capital expenditure or a loan and installation costs. This was accomplished using the Number of Periods (NPER) function in Excel, which returns the number of payments needed to pay off a loan and uses for its inputs: an interest rate, payment amount, and the present value or principle. The rate selected was 4.46 % based on the 1-month average for a 30-year fixed rate mortgage according to Bloomberg.com (http://www.bloomberg.com/ markets/rates-bonds/consumer-interest-rates/) on October 2, 2013. The amount for the payment was the estimated annual savings from runoff reduction, and the estimated installation cost was used for the principal. The savings were calculated on an annual basis, and as such only one payment was applied per year, rendering an output equal to the number of years needed to pay off the installation cost. This analysis assumes that the annual maintenance expenditure is roughly the same for both the LID and traditional practice, and can be ignored as there would be no significant difference between the two.
The costs of implementing LID practices per cubic meter of runoff reduction based on an average year (C LID ) ($/m 3 /yr) were examined using Eq. (2):
where C T is the yearly total cost of implementing LID practices ($); RV 0 is annual runoff volume (m 3 /yr) without implementing any LID practices; RV 1 is annual runoff volume (m 3 /yr) with LID practices in place.
Results and Discussion

Runoff
The results for the historic neighborhood, study area 1, are shown in Fig. 2 , which shows the percentage of runoff reduction achieved when the practice is applied at the same rate of adoption to all appropriate land uses in the study area. Bioretention and pervious pavement provided the greatest runoff volume reduction within the study area, with pervious pavement providing almost a 50 % reduction and bioretention providing just over a 70 % reduction. Next the medium-and large-sized cisterns, which were only applied to commercial and industrial uses, provided around a 15 % runoff reduction. Green roofs, only applied to commercial and industrial uses, and rain barrels, only used on residential uses, both provided approximately a 10 % reduction in runoff for the study area. The smallsized cistern provided the smallest reductions achieving about a 5 % reduction in runoff.
In the downtown urban area, study area 2, similar trends were observed (Fig. 3) . Bioretention provided the best reduction in runoff volumes, with a maximum reduction of almost 75 %. Green roofs and pervious pavement provided runoff reduction of around 40 and 35 %, respectively. When examined as part of the entire study area, rain barrels only provided an approximately 2 % reduction in runoff volume at the maximum adoption level. Cisterns were not applied within this study area because there was not enough space available to allow them to be constructed outside of the existing structures and that it would most likely be unrealistic to retrofit them internally (Table 3 ). In the area along the commercial corridor, study area 3, the trends (Fig. 4) were similar to those observed in study areas 1 and 2. Bioretention and pervious pavements generated the most significant reduction in runoff, over 70 and 50 %, respectively. Green roofs and the medium and large cisterns, provided a maximum of 15 % reduction in runoff. Rain barrels and small cisterns both contributed less than a 10 % reduction in runoff.
The more modern residential subdivisions, study area 4, had trends (Fig. 5 ) similar to those seen in the residential land uses from study areas 1, 2, and 3. The results (Fig. 5 ) reflect those seen in other study areas, with bioretention exceeding 70 %, pervious pavements around 40 %, and rain barrels at approximately 15 % runoff reduction. Table 4 provides the slopes of the lines in Figs. 2, 3 , 4, and 5 where the slope (m) in the lines is described by the formula y = mx, where y is the percent reduction in runoff and x is the percent of the area on which the LID practice will be adopted. The slopes of these lines provide an easy comparison for the LID practice effectiveness in runoff reduction for each of the land use types and study areas. These slopes demonstrate that little variation occurs in runoff reduction effectiveness of the selected LID practices between the study areas. The most notable variation occurs in the commercial land use type in study area 2 where the higher percentage of roof area made green roofs more effective than pervious pavement. The slopes also demonstrate a consistent trend when compared between land use types. This trend shows that the LID practices become more effective in reducing runoff as the density of impervious surfaces increases. Fig. 3 Runoff reduction percentage simulated for each of the LID practices when they were applied at the same rate to all of the land use types within the downtown urban area (study area 2) based on the adoption rate This study provides several important insights that should be considered when evaluating LID practices. One of these is that design matters. This is seen most clearly in the runoff reduction provided by the cisterns. Since this study used generalized treatment volumes and did not attempt to appropriately size these systems, it demonstrates that appropriately sized systems are more cost-effective. For 100 % adoption rate, cisterns illustrated this point across the three different volumes, with the smallest providing the least runoff reduction (6.0 % for area 1 and 4.0 % for area 3), and the medium providing more (13.3 % for area 1 and 14.0 % for area 3), but the large size provided only a marginally greater reduction than the medium-sized cistern (13.5 % for area 1 and 16.0 % for area 3). This demonstrated that there is a point where increasing the storage volume cannot reduce additional runoff, in part due to the infrequent occurrence of rainfall events that can take advantage of the additional volume.
Another finding is that a LID practice's effectiveness in reducing runoff is linked to the amount of impervious surface being treated or replaced. This was demonstrated as a linear relationship between the area being treated and the amount of runoff reduction. The linear relationship between stormwater runoff reduction and adoption rate was due to implementing LID practices individually and the L-THIA LID model does not include a routing function. This relationship indicates that the more area that can be treated with LID practices, the more runoff can be reduced. This data suggests that selecting LID practices to target the largest areas of imperviousness may be the most effective way to retrofit LID practices into existing developments. The one LID practice that went against this trend was bioretention. Using bioretention to capture runoff from all surfaces provided between 70 and 80 % reduction, regardless of the use type, making it the most effective way to reduce runoff. Part of the reason is that it was assumed that the bioretention areas treat runoff from the same percentage of area for both impervious surfaces and open space. In many cases, it is unnecessary for a design to intercept the small amount of runoff generated from open space. It should be noted that excluding open space areas may decrease the effective runoff reduction of bioretention from values presented in this study, but improve the economics of the practice by decreasing the size and therefore decreasing the cost of implementation.
Cost
The cost per cubic meter of runoff reduction for a selected practice in an average year for the study area is shown in Table 5 . These values were relatively consistent across all study areas. Small cisterns provided the lowest cost runoff reduction, between $1 and $3.50 per cubic meter of runoff reduction in an average year. Rain barrels were second lowest in cost ranging between $4 and $11 per cubic meter of runoff reduction. The runoff reduction cost for bioretention decreased in cost as the land use density increased, starting at over $120 per cubic meter of runoff reduction for open space areas and decreasing to around $15 per cubic meter of runoff reduction in commercial areas. Pervious pavement was observed to be consistent between $30 and $40 per cubic meter of runoff reduction regardless of the land use type or the study area. Green roofs were also consistent, returning the same values, around $140 per cubic meter of runoff reduction at the low price point, for both commercial and industrial uses. Montalto et al. (2007) estimated the cost-effectiveness of LID practices in reducing runoff volume and also found that pervious pavement was more cost-effective than green roof.
The cost of installing a LID practice was computed as a direct relationship between the LID practice unit cost and the area being treated. This relationship makes it easy to arrive at a cost estimate that can be used in early planning stages. However, this relationship would only hold true under the assumptions made in this study and that there is no economy of scale. It is likely that as more LID practices are adopted within an area, the cost of implementing them would decrease. This study also excludes any type of subsidy, cost sharing, or other program that might offset LID practice cost. These factors should be explored as the planning process moves beyond conceptual stages in order to reduce the installation costs as much as possible.
Payback Period of LID Practices
It was possible to achieve some level of payback for LID practices in many cases as summarized in Table 6 . Rain barrels generated a generally favorable payback across all study areas and price points. At the lower price point, rain barrels achieved payback in approximately 2-4 years, and even at the higher cost level they still achieved a payback in 10-26 years. Cisterns also demonstrated the ability to quickly generate a payback at the lower price point, in some cases taking less than 1 year. As the size of the cistern increased, so did the payback period starting around half a year to just over a year with the small cistern, to about three to 7 years for the medium cistern, and about 6 to 18 years for the large cistern. However, at the higher price point, only the small cistern size showed an ability to produce a payback. Bioretention similarly only demonstrated a payback at the lower price point, ranging between 14 and 40 years. Permeable pavement only demonstrated a payback in one study area at the low price point, taking just Economically, the performance of many of the LID practices was somewhat underwhelming. For the majority of the practices, the annual interest accrued on the initial investment would be greater than the annual savings generated from the reduction in runoff. In some cases, this is a result of a high cost of the LID practice. Bioretention, permeable pavement, and green roofs all encounter this issue. Since these practices only generate savings from wastewater treatment, because they do not conserve water, the total amount of savings they are able to achieve is limited. So there is no direct savings seen by the property owner. A case can be made however, that these practices benefit homeowners indirectly by helping keep user fees lower through decreased demand on infrastructure, but few homeowners are likely to incur such costs without subsidies.
Bioretention and pervious pavement both provided some of the largest reductions in runoff, even though they generally did not perform well economically. While rain barrels and cisterns provided comparatively small reductions in runoff volumes, they were the best performers economically. As previously noted, rain barrels and cisterns generally were able to payback their installation cost in about 1-10 years at the low price point. Rain barrels and cisterns also have the distinction of being the only practices examined that provide direct savings to the property owner as well as the municipality. This happens because the water captured in these systems can be used in place of tap water for some uses, such as irrigation.
Runoff reduction is one of the easiest ways to assess the savings achieved from conserving drinking water or not treating stormwater. The performance of LID practices was assessed only in terms of water quantity in this study. There are other economic factors that should be considered beyond runoff reduction, although, some can be harder to apply a monetary value to than others. Water quality improvements were not evaluated. Also, how these practices might mitigate downstream stream erosion or flooding was not considered. Maintenance costs associated with these LID practices were not directly considered. Bioretention should include opportunity costs (loss of parking space, etc.), and may not be feasible for individual homeowners regardless of cost because they don't own enough land. The alternative costs of traditional infrastructure to address water supply shortages or changing wastewater discharge compliance costs could be used as an alternative comparison to LID practices. Other factors include: esthetic appeal, improved environmental quality, and energy savings. With further exploration of these factors, it should be possible to establish a more complete picture of the economics of LID practices. The inclusion of these additional factors should improve the economic appeal of the practices examined here.
Conclusions
This study selected four neighborhood areas in greater Lafayette, Indiana as study areas in order to analyze the impacts and economics of retrofitting LID stormwater practices. The L-THIA LID model was used to simulate the amount of runoff generated from the study areas at various levels of LID adoption, ranging from 0 to 100 %. The LID practices selected for the study were rain barrels, cisterns, bioretention, pervious pavement, and green roofs. The cost of implementing these practices and the savings generated by the reduction in runoff were estimated. The amount of time it would take for the LID practices to pay for themselves and the cost per cubic meter of runoff reduction based on an average year was also calculated.
The relationship between the adoption rate of a LID practice and runoff reduction proved to be linear, making it possible to determine the slope of the line and then calculate the estimated percentage of runoff reduction that could be expected at any adoption rate. At the maximum adoption rate, rain barrels provided between 10 and 20 % reduction, cisterns provided between 10 and 30 % reduction, bioretention provided between 70 and 75 % reduction, permeable pavement provided between 24 and 60 % reduction, and green roofs provided approximately 23 % reduction, except in areas where the percentage of roof top was higher where they achieved approximately a 54 % reduction in runoff volume. Costs of implementation of the LID practices explored were estimated. The value of reduction in runoff volume was estimated based on study area wastewater treatment costs. Some practices captured water that could be used and its value was estimated based on the study area water price. With this information, the cost per cubic meter of runoff reduction based on an average year was determined. The cost of using LID practices to reduce runoff ranged for about $3 to over $100 per cubic meter at the low-cost estimate and from about $20 to almost $600 at the highcost estimate. Rain barrels were the most cost-effective between $3 and about $20 per cubic meter of runoff reduction, followed closely by cisterns, either bioretention or permeable pavement depending on land use, and finally green roofs proved to be the most expensive between $100 and $600 per cubic meter of runoff reduction.
Rain barrels consistently demonstrated the ability to generate a payback across all study areas and price points. Cisterns also demonstrated the ability to quickly generate a payback at the lower price point. As the size of the cistern increased, the payback period increased. However, at the higher price point, only the small cistern size showed an ability to produce a payback. Bioretention similarly only demonstrated a payback at the lower price point. Permeable pavement only demonstrated a payback in one study area at the low price point. Green roofs never indicated a payback in any of the study areas.
